The charge and proton dynamics in hydrogen-bonded networks are investigated using ammonia as a model system. The fragmentation dynamics of medium-sized clusters (1-2 nm) upon single photon multi-ionization is studied, by analyzing the momenta of small ionic fragments. The observed fragmentation pattern of the doubly-and triply-charged clusters reveals a spatial anisotropy of emission between fragments (back-to-back). Protonated fragments exhibit a distinct kinematic correlation, indicating a delay between ionization and fragmentation (fission). The different kinematics observed for channels containing protonated and unprotonated species provides possible insights into the prime mechanisms of charge and proton transfer, as well as proton hopping, in such a nanoscale system.
Introduction
Increasing our understanding of the charge and proton transfer mechanisms in hydrogen-bonded networks has been of great importance for research in physics, chemistry and biology for decades. [1] [2] [3] [4] [5] For example, these mechanisms are central in electrolyte solutions used to optimize fuel cells for energy transformation, 6 in acidified clouds where a modified reactivity of aerosols can change the nucleation mechanism, 7, 8 and even in biological membranes where a difference of potential can activate a 'proton pump' through a membrane. 9,10 A large range of molecular clusters, from an isolated molecule to a liquid, 11 have been used as model systems for following the time evolution of chemicophysical processes. However, tracking the fundamental mechanisms becomes increasingly difficult for larger cluster systems (e.g. >1nm), which are of interest as model systems in the understanding of charge and proton transfer processes in liquids.
Synchrotron radiation in the soft X-ray range is a powerful tool for investigating these clusters, since it allows for element specific and site-selective excitation and ionization. [12] [13] [14] Photoabsorption and -ionization studies have also proven useful in providing information on the mechanisms of charge solvation, as well as on the electronic properties of various ionic species. 15, 16 The advances in spectroscopic methods based on the multi-coincident detection of particles have opened up new avenues for studying multiply charged clusters, leading for instance to the discovery of inter-molecular decay (ICD), a mechanism that transfers the electronic excess energy between neighboring molecules. 17, 18 In this work, we study for the first time the fragmentation dynamics of multiply-charged ammonia clusters combining coincidence and 3D momentum imaging techniques with synchrotron radiation. The clusters are multi-ionized, and by studying the kinematics of the fragmentation, we gain information on the ultrafast dynamics of charge/proton transfer in clusters of medium size, as illustrated in Figure 1 .
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This transfer is exothermic (about 0,74 eV 20, 22 ) and happens on a femtosecond timescale. [23] [24] [25] The deprotonated fragment often evaporates swiftly from the cluster, but a small fraction can remain in the same cluster as the protonated fragment. 26, 27 The proton transfer generally occurs for all charge states, and the different ionic clusters act as separate entities in the neutral cluster host. 28, 29 Upon this proton transfer, the cluster rearranges from its neutral configuration 30, 31 to shell-like structures around the ammonium (NH + 4 ) 32, 33 in the charged state. The ammonium cation bonds to four neutral molecules as a donor, making the pentamer configuration a stable closed-shell configuration ('magic number' of n = 5 21,34 ). In hydrogen-bonded systems, protons can 'hop' to neighboring molecules along a hydrogen bond (Grotthuss mechanism 4,35,36 ), upon which the newly protonated molecule can release another proton along its hydrogen bond. The precise description of the diffusion mechanism in bulk liquid is difficult, since the motion involves the rearrangement of hydrogen bonds around the hopping proton. 4, 37 The path of unidirectional hydrogen bonds along which the protons transfer ('proton wire') is mostly studied in aqueous systems. 4, 36 However, recent studies on ammonia-complexes show that proton hopping occurs in a hydrogen-bonded model system of ammonia as well. 38 Traditionally, multiply charged clusters are described within the framework of the Liquid Droplet Model (LDM), first proposed by Lord Rayleigh. 39 According to this model, a cluster is stable beyond a critical size, i.e. when the cohesive surface tension forces overcome the charge-to-charge repulsive Coulomb forces. The critical sizes are 51 and 121 for doubly 28, 40 and triply 41 charged protonated ammonia clusters, respectively. Such stable clusters allows the study of (proton) chemistry within clusters. 28, 29, 34 For unstable clusters, it was recently shown on van der Waals clusters that the fissility parameter (X) leaves a footprint in the correlation of fragment momenta measured. 42, 43 That is, if X > 1, the cluster fragments through Coulomb explosion with uncorrelated momentum distributions, while close to X ≃ 1 the fragmentation is characterized by fission over an energy barrier 44 with strongly correlated momentum distributions. Here, we further develop this methodology on hydrogen bonded clusters, thus enabling us to relate the correlation pattern to the charge state of the cluster.
The measurements were carried out at the soft X-ray beamline I411, MAX-lab, Lund. The design of our multi-ion coincidence 3D momentum imaging time-of-flight (TOF) spectrometer is described elsewhere. 45 The event trigger was provided by electron detection, and care was taken to measure only within a clean 'coincidence regime', where false coincidences are kept to a minimum. The spectrometer axis was oriented perpendicular to both the X-ray polarization direction and the X-ray beam. The cluster jet was parallel to the polarization, and produced from a continuous supersonic nozzle expansion of gaseous ammonia (Linde, < 0.001 permille impurity). We used a conical nozzle (20 • full opening angle, 150 µm throat) operated at a temperature of -10 • C. In the following analysis, the longitudinal jet velocity was assumed constant (about 900 m/s) and the resulting momentum was subtracted from all measured particles. We have compared the response of the uncondensed molecular beam to those measured in effusive jet ammonia measurements, and verified that the molecular beam does not introduce artifacts in our analysis.
In order to estimate and tune the cluster size distribution, we used the detection of the stable dication, at a reported size (or number of molecules) n = 51 ((NH 3 ) 51 H 2+ 2 ), 28, 40 in our experiments observed at n = 53, Figure 2c . The average cluster size of ammonia clusters was estimated following an adiabatic expansion by the formalism of Bobbert et al, 46 which adapts the Γ * formalism of atomic clusters 47, 48 to molecular clusters. The theorem predicts an average cluster size around 51 at a stagnation pressure between 0.1 and 0.4 bar. Within this pressure range, the final optimization was performed by maximizing the measured dication signal at a constant photon energy of 420 eV. A typical mass spectrum of cluster fragments is shown in Figure 2b , and the molecular fragments in Figure 2a as a reference. The maximum intensity was found at a stagnation pressure of around 0.2-0.3 bar. In the following, data with different stagnation pressures (0.2 and 0.3 bar), and at photon energies above and below the 1s core hole (360 and 420 eV) are merged, since the analysis does not reveal a statistically significant change between measurements.
The majority of events only contain the detection of one charged fragment, even when the expected charge state is higher (N1s ionization → Auger decay). This is partly a result of the incomplete detection of events ('aborted events'), due to a finite detection efficiency (of around 35%). An improved model of Simon et al. 49 was applied to the data, which also includes a massdependent detection efficiency. 50 This model estimates the real number of charged fragments from the measured number of fragments ('single coincidence' for one, 'double coincidence' for two fragments, etc.). We attribute the measurement of non-aborted single coincidence events to mass-asymmetric fission 51 , resulting in measuring a small charged fragment correlated to an undetected larger cluster. No single coincidence is therefore analyzed further, due to the anticipated kinematic incompleteness. 13 In this work, we are interested in the cluster break-up into multiple charged fragments and their correlation, and we therefore discuss the double and triple coincidence events.
At high photon energies, the majority of the observed cluster fragments were protonated ((NH 3 ) n H + ) due to chemistry within the multiply charged clusters. Coincidences between charged clusters and small charged molecular fragments (e.g. H + , NH + , etc) were not observed, except for weak channels containing nonprotonated (NH + 3 ) or amidogen (NH + 2 ) molecules. Since the kinematics of fragmentation for weak and strong channels are different, we will discuss separately the breakup into unprotonated and protonated species.
Breakup into unprotonated fragments
Pairs that contain either (NH + 3 ) or (NH + 2 ) have a channel strength of around 1% and 3%, respectively, based on the total double coincidence cluster signal. This branching ratio was found lower than that measured upon UV photoionization, which agrees with previous findings that show a decreasing amount of unprotonated fragments as photon energy increases. 21, 52 Due to the high reactivity of ammonia (NH + 3 ) or amidogen (NH + 2 ), any interaction of these ions with surrounding molecules in the cluster will lead to their protonation, 34 and we therefore expect that these molecular fragments broke out of the parent cluster almost freely. In such a case, the analysis of the kinematic of the pairs containing (NH + 3 ) or (NH + 2 ), and in particular the angular momenta correlation between fragments, should thus provide information about the fragmentation dynamics. In Figure 3a) , the mutual angles between momenta of molecular and cluster fragments are shown together with a two-body breakup (NH + 2 + H + in black dotted) and a three-body fragmentation (NH + + H + + H in black dashed) as a reference. Note that in the latter case, a clear increase in distribution broadness of around 180 • is observed for the three-body channel, despite the low mass of the neutral body (H). The momentum correlation of unprotonated fragments (NH + 2 + NH + 4 , red) and (NH + 3 + NH + 4 , blue) shows the same pattern. The (NH + 2 + NH + 4 ) channel has a low strength, and therefore shows non-zero intensity at small mutual angles, due to false coincidences. Overall, the angular momentum correlation of these fragments can best be compared to that of the three body molecular channel, which indicates that a third fragment has been produced. Furthermore, the strong anti-correlation of momenta is evidence that a relatively small momentum is imparted to the undetected fragment, suggesting it is a neutral molecule (no Coulomb repulsion). These findings support that the NH + 3 and NH + 2 fragments interact very little with other molecules, and points to the possibility that the charge sites could be located at the surface of the doubly-charged parent cluster.
Since the angular momentum correlation of unprotonated fragment pairs exhibits the pattern of a few-body breakup, the summed kinetic energy of both fragments yields the total Kinetic Energy Release (KER) of the fragmentation, where the kinetic energy of the undetected low-momentum particle is neglected. The latter is shown in Figure 3b , where the KER from molecular fragments are included as a reference as well. The KER of pairs containing NH + 2 and NH + 3 have a most probable value of around 3.5 eV. This KER is smaller than that from the molecular fragments, mainly due to the larger charge separation distance (CSD) upon breakup, and can be compared to two extreme cases. In one case, the charge transfer in the cluster is faster than nuclear motion, and the charge separation equals the equilibrium N−N distance (3.37 Å 25 ) of the neutral dimer, resulting in a Coulomb potential energy of 4.3 eV. In the alternative case of slow charge transfer, the N−N distance equals that of the singly charged pro- tonated dimer (1.57 Å 53 ), with 9.2 eV Coulomb energy (in both cases, the vacuum permittivity is assumed). The measured KER is closer to the energy expected from the neutral distance than the contracted N−N distance of the charged dimer, indicating that the dissociation process is faster than the typical N−N nuclear relaxation time (the dimer does not reach equilibrium N−N distance before dissociation). The 0.8 eV deviation towards lower observed KER can be explained by transfer of potential energy to rovibrational degrees of freedom, 17, 54 or transfer to kinetic energy of an undetected neutral particle.
Paradoxically, our observation leads to the conclusion that there is a slow proton transfer mechanism for these fragments, while the production of two separated charges upon ionization in the vicinity of the N1s edge requires dynamics faster than structural changes in the cluster. Without the coincident detection of electron kinetic energy, we can only establish the most plausible scenarios for the ultrafast dynamics triggered by ionization. It is theoretically predicted 55 that the first repulsive electronic state with two single charges residing on neighboring molecules, NH + 3 (2 a -1 1 ) -NH + 3 (2 a -1 1 ), lie at 24.7 eV. When the photon energy is below the N1s edge, photoionization of the 2a 1 molecular orbital (26.8 eV 56 ) may lead, via auto-ionization, to repulsive states that are energy-allowed. Direct double ionization can also occur, leading to the production of two holes (2e −2 , 2e −1 3a −1 1 or 3a −2 1 ) on a single molecule, and may transfer a proton to a neighboring site, within typically 200 fs. 24 In both cases, two neighboring molecules will undergo Coulombic fragmentation with a KER that almost reflects the nitrogen-nitrogen distance between two neutral molecules, in line with our observation. Above the N1s edge, we mostly produce two-hole states localized on one molecule. 15 However, we do not observe any photon energy dependence in the dissociation dynamics with the present statistics, indicating that the same efficient charge separation mechanism dominates below and above the N1s edge. Further charge transfer in a hydrogen bonded system implies a complex nuclear and structural rearrangement. 4, 36 For the fastest process related to the proton as a charge carrier, it was shown that for a coordination number lower than 3, the proton motion requires larger structural changes, 57 slowing down the proton hopping mechanism. Since the average hydrogen bond coordination number on a cluster surface is lower (between 1 and 4 30 ) than the average coordination number in bulk ammonia (6, 3 donor and 3 acceptor bonds 58 ), the localization of charges at the surface would lead in some cases to dissociation via Coulomb explosion before proton hopping, resulting in the formation of unprotonated fragments. We can therefore speculate that the unprotonated fragment pairs are a result of ionization at the surface.
Breakup into protonated fragments
The distribution of protonated fragments of double coincidence is shown in Figure 4a ). The channel strength of fragments is represented in the color intensity of the circles. We show triple coincidence events where the first fragment is a monomer (red), dimer (blue) or trimer (black) in Figure 4b ). We find an increase of average charge state of clusters, compared to the isolated molecule, and assign this increase to ICD 55 and intra-cluster electron scattering. Using the electron scattering cross sections, 59 ,60 we estimate that at most 30-40% of 300 eV free electrons scatter, when emitted from the center of a cluster of 52 molecules in a shell structured cluster, 32 with a near equal probability between ionization or elastic scattering. 59 We observe that most protonated cluster fragments appear at or below 5 molecules, the size where the ionic cluster can form the stable pentamer structure. 34 The stability of the pentamer structure is specific to the ion, rather than the neutral, 26 which reveals molecular rearrangement during break-up. It is established that delayed unimolecular evaporation in weakly bound clusters can occur on a microsecond timescale, i.e. during the flight time through the spectrometer, thus influencing the observed distribution of (non evaporated) parent fragments with respect to (metastable evaporated) daughter fragments. The importance of this effect can be estimated by the ratio between unimolecular evaporation lifetime τ m and the nominal acceleration time of the ion in the electrostatic acceleration region τ acc 61 . In ammonia clusters, a unimolecular evaporation lifetime of τ m from 8 to 20 µs for cluster sizes of 4 to 17 molecules can be determined from multi-photon UV absorption studies 62 , while the acceleration time of τ acc is about 2 to 4 µs in our experiment is a factor of four smaller than the typical evaporation lifetime. Hence, we can conclude that the majority of the measured intensity in the time-of-flight spectra represents the fragment mass directly after breakup, and only a few percent of the fragments have undergone unimolecular evaporation. In the following, we can introduce the 'recorded cluster size' as the sum of the fragment cluster sizes before unimolecular evaporation has occurred (see Figure 4a ). The possible difference in produced and observed sizes is due to neutral fragment formation during break-up, as is predicted by classical molecular dynamics calculations on Morse clusters, 42 or the fast 'boiling off' of monomers 26 before break-up.
The expected fission-like character of the breakup can be verified by the momentum correlation of the fragments. 42, 43 The cluster fragment momentum correlation, including all recorded cluster sizes, are presented in Figure 5 . The double and triple coincidence events are shown on the left (a, c) and right (b, d) , respectively. The direction of one of two momenta is directed along zero degrees (arrow), and the relative angle to the other momentum vector is plotted in a polar histogram as red crosses in Figure  5 (a, b) . In the case of triple coincidence, all combinations of two of the three momenta yield the same histogram, which are therefore presented in one curve here. The mutual angles range from almost perpendicular to a back-to-back formation.
In a multi-charged cluster, the charges will experience Coulomb interaction that will drive charges apart along minima in the potential energy surface, that maximize the mutual charge-tocharge distances. 44 The expected relative angles between their momenta are 180 • (2 charged fragments), 120 • (3 charged fragments, in plane) and 109.5 • (4 charged fragments, tetrahedron). The observed distributions in Figure 5 of two (a) and three (b) charged particles show high intensities at 180 and 120 degrees, respectively, but not exclusively at those angles due to the influence of higher-charged states. For example, the distribution of double coincidences (Figure 5a , red crosses) partly originates from triply charged cluster signal, where one of the charged fragments is undetected (a so-called 'aborted event'. 49 ) In order to account for the multiple contributions to the mutual angle histogram, we perform a multi-peak Gaussian fit centered at the characteristic angles (180 • , 120 • , etc.) in Figure 5 (a)(gray dashed lines). The resulting total fit (gray solid line) shows an excellent agreement to the measured histogram, and the ratio between complete and aborted events determined from the fit matches the ratio calculated from the detection efficiency model (see method section). Consequently, we can confirm that the mutual angles of the detected fragments are governed by the number of charges in the cluster.
A detailed study of the fission mechanism requires the determination of the kinematics of all fragments. In order to restrict our 63 The normalization is done by the sum of all three momentum norms. The average KER is calculated over a range of 0-10 eV.
analysis to 'complete' detections, i.e. without undetected neutral particles or large undetected ionic clusters, we investigate only events where the residual momentum of undetected particles, determined by the momentum conservation as | p sum |, is negligible in comparison to the momenta of individual fragments. In the following, we select a subset of data by setting the value of | p sum | to 40 and 60 a.u. for double and triple coincidence, respectively (blue regions in Figure 5(c, d) ). This filter yields distributions (blue cross in Figure 5(a, b) ) around the expected mutual angles (180 • and 120 • ) that are also found from the distribution fit, showing that in this data subset, the number of charges in the parent cluster is equal to the number of fragments detected.
In our experiments, the recorded cluster sizes are around five times smaller than the critical size of doubly and triply 41 charged clusters. In terms of the Liquid Droplet Model, this suggests that no energy barrier exists to prevent direct breakup (fissility parameter above 1). However, the clear anisotropy implies that the fragmentation is described by fission rather than explosion. 42 Fission requires an energy barrier for direct breakup, resulting in delayed fragmentation. 44 The parent cluster size is thus most likely larger than the observed cluster size, resulting in a slower fragmentation and allowing charge separation to occur prior to breakup. Charge transfer can be initiated by proton transfer upon ionization, which occurs in a few hundred femtoseconds. 24 After that, the charge transport to next neighbors involves molecular rearrangement. 37, 57 Two mechanisms often considered are: the 'Grotthuss' proton hopping mechanism, where the charge moves by transferring protons along hydrogen bonds, and 'vehicular' transport, where the charge does not move over different molecules, but instead remains on a single moving molecule. Both mechanisms play a role in the charge transport, and the relative importance is sensitive to the local electrostatic field. 64 For instance, it is found in liquid water that the directionality of the proton hopping increases at and above a field strength of 0.07 V/Å, making the hopping mechanism dominant over the vehicular diffusion. In the case of two neighboring charged molecules in an ammonia cluster (r N−N = 3.37 Å), the imposed electric field is in the order of 1.2 V/Å, and therefore we expect the charge separation to be dominated by proton hopping in the bulk. Assuming a proton hopping time of about 1.5 ps (as in liquid water, 65 ) we can determine that the typical transport time for a charge in our ammonia cluster is in the order of few tens of picoseconds, providing hence an estimate of the timescale for fission to occur.
An important aspect of the fragmentation dynamics is the sharing of the Coulomb potential to kinetic and internal energy. While the charge separates, the decrease of the Coulomb potential can be transfered to rovibrational excitations of the molecules along the charge path. It is shown experimentally 17 and theoretically 54 that rovibrational degrees of freedom can share the potential energy during a Coulomb explosion in the water dimer. The Coulomb potential that is not converted to rovibrational degrees of freedom is then transfered to kinetic energy of the charged fragments. In Figure 6 , the measured KER of the protonated cluster fragments are presented as a function of recorded size for double (a) and triple (b) coincidence. In the data shown, we have selected the subset of events that is considered kinematically complete, i.e. with negligible | p sum | < (blue regions in Figure 6c,d) , such that the sum of the measured kinetic energies represents the total kinetic energy of the reaction. In all cases, we find that the average KER is monotonically decreasing as the recorded size increases, with a maximum at the smallest recorded cluster size of a few eV. The smallest KER stabilizes above size 20, at around 0.8 ± 0.2 eV for doubly charged clusters and 1.4± 0.2 eV for triply charged clusters. The size dependent decrease of the KER can partially be caused by the increasing number of rovibrational degrees of freedom in increasingly larger molecular clusters. We could speculate that the conversion efficiency of Coulomb potential to vibrational and rotational degrees of freedom increases as more degrees of freedom are available at larger fragment sizes. This could in turn increase the rate of unimolecular evaporation during the flight time, and will affect our measurement on the order of 10 meV for the sizes under study, 62 which is still two orders of magnitude smaller than the measured KER.
In a Coulomb explosion picture, the measured kinetic energy released is traditionally interpreted as the Coulomb potential at the instance of break-up, assuming that the initial kinetic energy of the particles at breakup is negligible. 13, 14 This allows the conversion of KER to charge separation distance (CSD). An estimate of the CSD is provided in Figure 6 , where the relative permittivity (E ) is assumed a constant. In the case of three singly-charged fragments (Figure 6b) , we assume an equal CSD between all three charges of a concerted breakup (triangular arrangement), which is justified by the near-equal momentum sharing shown in the inset Dalitz 63 plot in Figure 6b . The measured CSD in doubly and triply charged clusters is larger than the recorded cluster size can account for in a Liquid Droplet Model 51 with vacuum permittivity. To match the recorded cluster size to the measured CSD, a permittivity of around three has to be used. Obviously, the simple Coulomb model with a constant permittivity cannot account for the sharing of the Coulomb potential with intra-cluster rotations and vibrations 17, 54 and the fact that ammonia is a polarizable molecule (i.e. E > 1) with a permanent dipole. To interpret our observation, a more detailed calculation, including conversion of the Coulomb energy into rovibrational excitation, charge screening and proton transport is needed. The latter could explain the increase in measured CSD from unprotonated to protonated fragments, as seen in Figure 6a . Indeed, a more efficient proton transport mechanism would allow to distinguish processes involving molecules with high hydrogen bond coordination numbers (bulk) from those at lower coordination numbers (surface).
In summary, by studying the dynamics of unstable multicharged clusters, we found that the recorded sizes are smaller than the expected size distribution in the cluster beam. The existence of a potential energy barrier will allow time for charge transfer and transport to occur, leading to strong angular correlation of fragment momenta. In line with simulations on Morse clusters, 42 one can speculate that in some cases the cluster elongates due to Coulomb repulsion. The two/three formed charges migrate, resulting in separate protonated cations (NH + 4 ), acting as a seed for the formation of charged fragments, which eventually break out of a neutral host that has a negligible momentum. This could justify the large charge separation distance, compared to the predicted center-to-center distance. Our work is compatible with previous studies on large stable multi-charged clusters that host two/three separate singly charged ammonia cations within the bulk of neutral molecules. 28, 34 In that work, the authors conclude that the cations are acting separately within the bulk neutral cluster and separate as far apart as possible through Coulomb repulsion.
Conclusion
The investigation of unstable multiply charged ammonia clusters upon single photon multi-ionization allows the determination of the kinematics of the cluster cation fragmentation channels. While synchrotron radiation allows state-selective ionization, the absence of photon energy dependence points out the existence of an ultrafast charge separation process in the cluster, which is most likely related to proton transfer, followed by a fast statistical redistribution of the excess energy. During the time between ionization and breakup, typically on the order of a few tens of picoseconds, there is possibility for structural reorganization, allowing for proton hopping. The lack of proton mobility for molecules at the surface could be at the origin of the production of unprotonated fragments, such as ammonia or amidogen cations. More detailed information on these ultrafast processes (<10 ps) could be obtained experimentally by pump-probe measurements. Alternatively, multi-scale molecular dynamics simulations could be used to uncover the details of proton transfer mechanisms, such as improved estimates of timescales, the relative importance of vehicular and Grotthuss mechanisms, and the differences in surface and bulk ionizations in the charge transfer process after multi-ionization. We believe that the electric field induced upon ionization allows for directionality of the proton motion, and can provide key insight into charge/proton transfer occurring at the nanoscale in electrolyte solution with potential applications in chemistry and biology.
